To explore the molecular basis of X chromosome 1nact1vation, we have examined the human locus for glucose-6-phosphate dehydrogenase (G6PD) 1n various human tissues. Studies of DNA from males and females and from somatic cell hybrids with active or Inactive X chromosomes, show that two remarkably dense clusters of CpG d1nuc1eot1des 1n the 3* coding sequences are hypomethylated 1n active G6PD genes but extensively methylated 1n Inactive ones.
INTRODUCTION
It has been suggested that ONA methy1 at 1 on 1s responsible for the Inactivity of X chromosomes In somatic cells of mammalian females (reviewed 1n reference 1) and, therefore, 1s a key factor 1n achieving dosage compensation for X 1 Inked genes (2) . Reactivation of alleles on Inactive X chromosomes by 5-azacyt1d1ne (5-azaC), an Inhibitor of methylation (3) , lends support to this hypothesis. Ne have been examining DNA methylation of X chromosomal genes to determine the role 1t plays 1n X dosage compensation. Studies of X-linked genes provide one of the best means to examine the relationship between methylation and expression of the locus. Active and Inactive versions of the gene can be compared within the same cell.
Furthermore, 1n this way one can observe the Inactive version of genes that are const1tut1vely expressed, not usually possible with autosotnal genes. Our observations of the X linked hypoxanthine phosphor 1bosy1 transferase (HPRT) locus have revealed that active and Inactive genes differ 1n their patterns of DNA methylation (4; 5) .
The most significant difference Involves the dense cluster of CpG d1nucleot1des within the promoter region; This cluster 1s Invariably hypomethylated 1n active HPRT genes, but extensively methylated 1n Inactive ones (4) .
Two clusters of CpG d 1 nucleot1des that are remarkably similar to the 5' HPRT cluster, have been found 1n the 3' region of the g 1 ucose-6-phosphate dehydrogenase (G6PD) locus (6) 1n the Xq28-qter segment of the human X chromosome (7.8).
Our observations of active. Inactive and reactivated G6PD alleles 1n a variety of tissues suggest that 3 1 CpG clusters are Important 1n the regulation of the G6PD locus and consequently, 1n the maintenance of X chromosome dosage compensation.
MATERIAL AND METHODS

Cel1s and Tisauas
Blood and placenta were obtained from normal males and females as previously described (9) . Fibroblasts and lymphoblasts from normal males and females were derived from cultures that had been stored 1n liquid nitrogen. Hybrid cells were derived from 3 matings: Clone81xA9 (10) GlxA9 (4,7) and ExA9 (human dermal fibroblasts of 46 X 1sod1centr1c X karyotype, (11).
Reactivants Included the 6TGK 7E1-2 and 7E1-4 hybrids previously described (10) that contain the late replicating X from human fibroblast clone81,but not the active X. The G6PD locus on the Inactive X chromosome 1n the hybrids 1s expressed at approximately half activity. The other reactivants were Induced from the ExA9 hybrids having the 1sod1centr1c Inactive X (but no active X) by treatment with 5 x 10" 6 M 5-azaC (3). Reactivant clones 24 and 34 expressed both human HPRT and G6P0 while clones 11 and 20 had only human HPRT.
Isolation and Analysis of DNA
Methods for purifying DNA from cells and tissues, plasmid purification, n1ck-translat1on and Southern analysis were standard and have been described previously (17).
3• Restriction Enzyme Digestion
Complete digests were carried out according to manufacturer's Instructions using 10 u/ug DNA for methyl sensitive enzymes, 3-5 u/ug DNA for the rest, and overnight Incubations.
Partial digests with Hpall were obtained by adding different amounts of enzyme ranging from 0-5 u/ug DNA to a series of samples of DNA that had been completely digested with a methyl Insensitive restriction enzyme.
Specimens were Incubated for 30' at 37°C.
The reactions were stopped by adding EDTA to 10 raH. Because the Hpall sites flanking both clusters are not methylated, partial Mpall digests were used to determine 1f sites within the clusters were also unmethy1ated.
RESULTS
G6PD Map and Prohes
If many Hpall sites were open, then partial digestion with Hpall should produce multiple fragments. The extent of methylation 1n the A-l cluster was determined from ONA that had been completely digested with PstI or Bgll, but only partially digested with Hpall, using pGD1.4 as the probe.
The A-2 cluster was analyzed similarly but with complete PstI digestion and the pGD3 probe.
In these partial digests (Figure 3 ), we observed an array of fragments, reflecting many unmethy1ated Hpall sites 1n the A-l cluster of active genes from blood, placenta and 1ymphoblasts, ( Figure  3A , lanes 3 and 9; Figure 3C Figure 2B, lanes 1-4) . Furthermore, differences 1n the extent of hypomethy1 at 1 on within the A-2 cluster are also apparent as the multiple bands produced by partial Hpall digests are more distinct 1n blood than 1n placenta ( Figure 3B ). On the other hand, tissue specific patterns did not vary among Individuals. Hpall/EcoRI digests of (A) blood and (B) placenta, and Hhal digest of (C) blood and (D) placenta, prohed with pG03. The size and position of x phage Hindlll fragments are Indicated.
X chromosomes 1s unequal; too few Inactive X fragments are detected (Figures 2A and B, lanes 5 and 8) . This nay reflect heterogeneous methylation of Inactive chromosomes, I.e., the signal 1s distributed among many fragments and therefore can not be detected. Alternatively, some Inactive genes may mimic active ones, I.e., having an open site at the end of a cluster, but extensive tnethylation within the cluster. Or In some cells the clusters may» In factf be relatively hypomethylated. The latter 1s the case for placenta, This heterogeneity 1s readily apparent 1n Hpall/EcoRI digests of blood ( Figure  4A ) and 1n Hhal digests of placenta ( Figure 4D ). Variability, although more subtle, 1s also found 1n other digests of blood and placenta ( Figures 4B and C) . The multiple bands might reflect the heterogeneity of cell populations within the tissue; however, as tissue composition among Individuals 1s relatively similar, the The faint bands at 4.4 and 0.9 kb are from homologous mouse sequences (H).
The Inactive X was also examined 1n two hybrids, each with a different Inactive human X chromosome. One (ExA9) contained an 1sod1centr1c X chromosome with two Inactive lod. All three Inactive alleles were extensively methylated 1n both clusters ( Figure 5. lanes 1-11) .
Some of the Inactive X chromosomes were methylated differently than others ( Figure 5. lane 11) , so that the variability observed 1n female cells 1s also present 1n hybrids.
B .
•NMM» -1. Figure 5, lanes 18-22) . G6PD reactivants Induced by 5-azaC were also examined. The two reactivants (ExA9 clones 24 and 34) were derived from hybrid cells retaining only the Inactive X chromosome, by treatment with 5-azaC and selection 1n HAT medium.
They were Identified by screening for the presence of human G6PD (Figure 6, lanes  10 and 13) .
Because the human Inactive X chromosome In these hybrids was an 1sod1centr1c X with two copies of the G6PD locus, 1t Is not certain 1f one or both of the loci had been reactiva-ted.
Nevertheless, the A-l cluster 1n both G6PD reactivants had been extensively demethylated (one 1s shown 1n Figure 8A) and at least several sites 1n the A-2 cluster had been demethylated (data not shown). As controls, we examined 2 sibling reactivants- Our previous studies of methylation of active and Inactive X chromosomes using random DNA probes did not reveal significant differences 1n methylation between the two chromosomes (17,18).
For both chromosomes, the pattern of methylation 1n a 22 kb region of DNA was variable, even within clonal populations of cells. Although, we have Identified Important differences 1n methylation of the homologous HPRT loci on active and Inactive X chromosomes (4), 1t was the active genes that had the consensus pattern, namely hypomethylat1on 1n the 5' CpG cluster and extensive methylation distal to the promoter; the Inactive genes had clusters that were methylated, but otherwise showed the same variability we had observed with the random probes.
Because Inactive HPRT genes lack a consensus pattern, we suggested that X dosage compensation was maintained by propagating the activity of the active X, rather than silencing the Inactive one. Furthermore, because the consensus pattern of methylation that characterized active MPRT genes resembled those observed for the two autosomal housekeeping genes that have been analyzed (19), 1t seemed likely that expression of the locus on the active X was maintained 1n the same way as that of housekeeping genes on autosomes.
The 3 1 CpGclusters from active G6PD genes are also consistent! y hypomethylated , Furthermore, none of the features of G6PD methylation that we have Identified can be attributed a special role 1n maintaining X chromosome 1nactivat1on. Although the 3' clusters of CpGs are unusual, studies to date do not preclude their presence 1n other housekeeping genes.
Moreover, our studies of clone81 reactivants show that hypomethylat 1on of these clusters 1s specific for expression of the G6PD locus; other loci on the Inactive chromosome remain Inactive and that chromosome remains late replicating (10, 20) . In all the 5-azaC Induced reactivants that were selected for HPRT activity, the HPRT cluster was hypomethylated; however, the 3 1 G6PD clusters were hypomethylated only 1n those that also expressed G6P0. Therefore, It seems that reexpression 1s controlled locus by locus rather than by some master switch. The reactivation event 1s Invariably associated with acquisition of the methylation pattern that characterizes the gene on the act1ve chromosome.
These observations enhance the likelihood that X chromosome dosage compensation 1s transmitted from one cell to Its progeny by maintaining transcr1pt1ona 1 activity of the Individual gene on the active X.
